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Abstract This study examines the role of vegetation
dynamics in regional predictions of future climate change
in western Africa using a dynamic vegetation model
asynchronously coupled to a regional climate model. Two
experiments, one for present day and one for future, are
conducted with the linked regional climate-vegetation
model, and the third with the regional climate model
standing alone that predicts future climate based on present-day vegetation. These simulations are so designed in
order to tease out the impact of structural vegetation
feedback on simulated climate and hydrological processes.
According to future predictions by the regional climatevegetation model, increase in LAI is widespread, with
significant shift in vegetation type. Over the Guinean Coast
in 2084–2093, evergreen tree coverage decreases by 49%
compared to 1984–1993, while drought deciduous tree
coverage increases by 56%. Over the Sahel region in the
same period, grass cover increases by 31%. Such vegetation changes are accompanied by a decrease of JJA rainfall
by 2% over the Guinean Coast and an increase by 23%
over the Sahel. This rather small decrease or large increase
of precipitation is largely attributable to the role of vegetation feedback. Without the feedback effect from vegetation, the regional climate model would have predicted a 5%
decrease of JJA rainfall in both the Guinean Coast and the
Sahel as a result of the radiative and physiological effects
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of higher atmospheric CO2 concentration. These results
demonstrate that climate- and CO2-induced changes in
vegetation structure modify hydrological processes and
climate at magnitudes comparable to or even higher than
the radiative and physiological effects, thus evincing the
importance of including vegetation feedback in future climate predictions.
Keywords Dynamic vegetation  Hydrology 
Regional climate prediction  West Africa

1 Introduction
A number of previous studies have shown that a changing
climate due to increasing anthropogenic greenhouse gas
concentrations over the coming decades may substantially
affect the world’s ecosystems (e.g., Lucht et al. 2006;
Schaphoff et al. 2006; Scholze et al. 2006; Salazar et al.
2007; Alo and Wang 2008). The possible biospheric
response to climate change, which varies from region to
region across the globe, involves interactions between
elevated CO2 levels and climate, hydrological, and vegetation processes. Through these interactions, alterations in
ecosystems can in turn affect climate and atmospheric CO2
concentration (Levis et al. 1999; Cox et al. 2000). Such
effect of vegetation feedback on the climate system shows
a high degree of geographical dependency, according to
Levis et al.’s (2000) study using a coupled global climatevegetation model.
In the last decade, there has been much progress in
general circulation modeling to predict climate changes
under different scenarios of elevated atmospheric CO2
concentration (IPCC TAR 2001; IPCC AR4 2007). These
progresses include, for example, finer spatial resolution,
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more realistic parameterization of the physical and
dynamical processes and more realistic representation of
vegetation. Even with these progresses, obtaining reliable
projection of climatic changes at the regional scale remains
a challenge. The atmospheric processes (e.g., precipitation), hydrological processes (e.g., infiltration and runoff),
and vegetation processes (e.g., plant water use), that
interact to shape a region’s climate are characterized by
substantial variability at spatial scales smaller than the grid
size of the current fine-resolution global climate models
(GCMs). It is therefore difficult for GCM-produced climate
predictions to represent appropriately the finer-scale
regional climate change information relevant to assessing
societal impacts of, vulnerability and adaptation to climate
change. It is especially problematic in regions with highly
heterogeneous land surface conditions (topography, soil,
vegetation, etc.).
Various downscaling methods have been developed for
deriving finer-scale scenarios from GCM projections,
including statistical downscaling and dynamical downscaling. Many authors have discussed the advantages and
disadvantages of the two methods (e.g., Jones et al. 2004;
Arnell et al. 2003). In contrast with statistical methods,
dynamical downscaling using regional climate models
(RCMs) has the main advantage of being physically based.
Further, finer-scale physical processes (e.g., mesoscale
convective systems) and effects of local forcings (e.g.,
topography) are better captured in RCMs than at the relatively coarse GCM spatial resolutions (Jenkins et al. 2002).
The use of RCMs can thus offer greater insights into
coupled climate processes at the regional scale (see review
by Wang Y et al. 2004).
Most regional climate modeling studies on the impacts
of greenhouse warming do not consider the impact of
vegetation dynamics. This general lacking of vegetation
feedback is especially problematic for West Africa where
hydrology is highly sensitive to climate changes (Li et al.
2005) and climate is highly sensitive to vegetation changes
(e.g., Xue and Shukla 1993; Xue 1997). In fact the
importance of the role of vegetation feedback in the
twentieth century West African climate has been demonstrated in some earlier studies using models of various
complexity, including global dynamic biosphere–atmosphere models (e.g., Wang G et al. 2004), global atmosphere-biome models (e.g., Claussen 1998), reduced-form
biosphere–atmosphere models (e.g., Wang and Eltahir
2000; Zeng et al. 1999), and conceptual models (e.g.,
Brovkin et al. 1998; Wang 2004). Vegetation feedback also
plays an important role in paleoclimate of West Africa,
especially in the abrupt Saharan desertification during the
mid-Holocene. Claussen et al. (1999), using a coupled
atmosphere-ocean-terrestrial vegetation model, found that
although changes in solar insolation trigger the mid-
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Holocene desertification, feedbacks between subtropical
vegetation and precipitation strongly amplify it, leading to
an abrupt transition from a green Sahara to a desert.
Recently, regional modeling studies of atmosphere-vegetation interactions in northern Africa (includes West
Africa) by Patricola and Cook (2007, 2008) also suggested
that strong feedbacks between vegetation and the atmosphere constitute a possible mechanism for abrupt climate
change over the region during the mid-Holocene. Transient
RCM simulations forced with fairly realistic scenarios of
future land use changes (e.g., Paeth et al. 2009) have as
well highlighted the important role of vegetation changes
on tropical African climate. Thus, the role of vegetation
dynamics is potentially critical to realistic simulation of
future climate changes in West Africa.
In this study, the dynamic global vegetation model
embedded in the National Center for Atmospheric
Research (NCAR) Community Land Model (CLMDGVM), is linked to the International Centre for Theoretical Physics (ICTP) regional climate model (RegCM3)
applied to western Africa, and the asynchronously coupled
RegCM3/CLM-DGVM is used to examine the role of
vegetation dynamics in predictions of CO2-induced regional climate changes. The focus here is on the effects of
vegetation feedback on surface hydrology and climate in
West Africa.
In the next section, a description of the models, their
coupling procedure and experiments, as well as a validation
of the simulated present-day precipitation and vegetation are
provided. Section 3 presents the simulated future changes in
climate, vegetation, and hydrological conditions, highlighting the role of vegetation feedback. Finally, a discussion of
the results and conclusions are provided in Sect. 4.

2 Models and methodology
2.1 Models description
RegCM3 (Pal et al. 2007) is a limited-area model with a
terrain-following r-pressure vertical coordinate system.
The model’s atmospheric dynamics component is from
NCAR/PSU MM5 (Grell 1993). It utilizes a hydrostatic
formulation for the calculation of geopotential heights and
virtual temperature. The boundary layer scheme of Holtslag et al. (1990) is employed in the model. The radiation
scheme is derived from NCAR CCM3 (Kiehl et al. 1996)
while the biosphere–atmosphere transfer scheme
(BATS1E) (Dickinson et al. 1993) is used to represent land
surface processes. BATS1E has one vegetation layer, three
soil layers for soil moisture prediction (10-cm-thick surface
soil, 1–2-m-thick root zone depending on vegetation type,
3-m-thick deep soil), two prognostic soil layers (surface
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and subsurface) for temperature, and one snow layer. The
dominant land cover/vegetation class in each model grid
cell is used to represent the land surface type in that grid
cell. The BATS1E land cover/vegetation classes include:
crop/mixed farming, short grass, evergreen needleleaf tree,
deciduous needleleaf tree, deciduous broadleaf tree, evergreen broadleaf tree, tall grass, desert, tundra, irrigated
crop, semi-desert, ice cap/glacier, bog or marsh, inland
water, ocean, evergreen shrub, deciduous shrub, mixed
woodland, forest/field mosaic, and water and land mixture.
The physics package in RegCM3 also includes a largescale cloud and precipitation scheme that accounts for
cloud sub-grid variability (Pal et al. 2000). Convection is
parameterized with one of three schemes: (1) ModifiedKuo scheme (Anthes 1977); (2) Grell scheme (Grell 1993);
and (3) MIT-Emanuel scheme (Emanuel 1991). In the
present study, the MIT-Emanuel option was chosen based
on results of preliminary tests with the different schemes.
We configure RegCM3 at 50-km horizontal resolution with
18 vertical levels over a domain spanning approximately
12°S–24°N and 24°W–30°E (Fig. 1). RegCM3 has been
applied for studying climate of various regions [e.g., East
Africa by Anyah and Semazzi (2007); South America by
Seth et al. (2007); the Caribbean by Martı́nez-Castro et al.
(2006)], and has been shown to perform well in its simulation of precipitation over West Africa (Jenkins et al.
2005; Afiesimama et al. 2006; Omotosho and Abiodun
2007).
CLM-DGVM (Levis et al. 2004) is a model of dynamic
natural vegetation processes that can be run at any spatial
resolution and over a limited area or the entire globe. Here,
CLM-DGVM is run at the same horizontal resolution
(50 km) and over the same domain (12°S–24°N, 24°W–
30°E) as RegCM3. Given input of atmospheric forcing
(precipitation, specific humidity, solar and terrestrial radiation, temperature, and wind speed), CLM-DGVM
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simulates biogeophysical, biogeochemical, and ecosystem
dynamics processes at the land surface. Its biogeophysical
submodel CLM3.0 (Dai et al. 2003; Oleson et al. 2004)
simulates surface hydrology and canopy physiological
processes. CLM3.0 has one vegetation layer, ten unevenly
spaced soil layers, and up to five snow layers depending on
snow depth. The biogeochemical and vegetation dynamics
submodels are based on the Lund–Potsdam–Jena dynamic
global vegetation model (LPJ-DGVM) (Sitch et al. 2003),
while the plant phenology submodel originated from the
Integrated Biosphere Simulator (IBIS) (Kucharik et al.
2000). The plant phenology submodel updates the leaf and
stem area indices (LAI and SAI) daily, according to
cumulative effects of temperature, soil moisture and/or net
primary production (NPP). Respiration and NPP are computed by the biogeochemical submodel. At the yearly time
step, the annual net assimilated carbon is allocated to plant
leaves, sapwood, heartwood and roots by the vegetation
dynamics component to update vegetation structure (leaf
and stem area indices and canopy height) and distribution.
The occurrence and effect of fire is also simulated at a
yearly time step. CLM-DGVM has been evaluated and
found to reproduce the global biogeography and NPP
reasonably well (Bonan et al. 2003; Sitch et al. 2003).
CLM-DGVM represents vegetation using ten plant
functional types, namely, needleleaf evergreen temperate
trees, needleleaf evergreen boreal trees, broadleaf evergreen tropical trees, broadleaf evergreen temperate trees,
broadleaf deciduous tropical trees, broadleaf deciduous
temperate trees, broadleaf deciduous boreal trees, C3 artic
grasses, C3 non-artic grasses and C4 grasses. Several of
these PFTs, including most of the PFTs found in western
Africa, are also represented in the BATS vegetation categories, which facilitates the mapping of vegetation simulated by CLM-DGVM to the BATS classes used in
RegCM3.
2.2 Initial and boundary conditions

Fig. 1 Model domain with elevations (in meters). Boxes indicate
West African regions (Guinean Coast and Sahel) used for area
average calculations presented in this paper

The initial and lateral boundary conditions for RegCM3 are
provided by the 6-hourly output (temperature, specific
humidity, surface pressure, and wind components) from the
National Center for Atmospheric Research (NCAR) global
climate system model CCSM3 (CCSM hereafter) IPCC
AR4 simulations. Monthly output of Sea Surface Temperatures (SSTs) from the corresponding CCSM experiments is used as the oceanic forcing for RegCM3. Two
climate scenarios are considered, climate of the twentieth
century (20C3M) and the SRESA1B stabilization experiment. In the CCSM 20C3M, atmospheric CO2 concentration follows observations in the twentieth century whereas
in the SRESA1B experiments, it follows the SRESA1B
scenario (Nakicenovic and Swart 2000) and stabilizes at
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720 ppm after 2100. Among eight IPCC AR4 GCMs
included in a recent study by Alo and Wang (2008), the
CCSM climate change scenario produced the largest
increase of vegetation growth (e.g., increase of deciduous
tree coverage at the expense of grasses) in large portions of
western Africa, while the UK Hadley Center for Climate
Prediction and Research UKMO-HadCM3 (HadCM hereafter) produced the largest decrease (e.g., decrease of
evergreen tree coverage in favor of drought deciduous
trees). This is due to the fact that CCSM predicts increase
of rainfall and weak warming over western Africa, whereas
the HadCM3 predicts a decrease of rainfall and strong
warming over large portions of that region. Thus, using
boundary conditions from these two GCMs for coupled
RegCM3 simulations can presumably provide the envelope
for a range of possible future climate and vegetation
changes in western Africa. In the present study, though, the
simulations are driven by boundary conditions from only
CCSM because its instantaneous (6-hourly) output (to
allow 6-hourly update of surface and lateral boundaries
during RegCM3 simulations) was readily available to us in
the NCAR mass storage system. The sensitivity of our
results to the choice of GCM boundary conditions focusing
on HadCM will be examined in a future study. Model
performance in simulating the present-day climate is
another consideration in choosing the GCM boundary
conditions. When driven by initial and lateral boundary
conditions from CCSM output, RegCM3 simulates the
20C3M precipitation pattern reasonably well in comparison to the climatic research unit (CRU) observed data
(New et al. 2000) (Fig. 2). The model captures the rainfall
maxima over Liberia, Sierra Leone, Guinea and Guinea
Bissau, and over western Cameroon, although the magnitudes of the rainfall maxima are overestimated in comparison to the CRU data. RegCM3 also underestimates the
rainfall amount near the south boundary of the desert.
Similar biases have been found in a RegCM3 simulation
Fig. 2 1984–1993 average of
June–July–August (JJA) rainfall
(in mm/day) a from RegCM3/
CLM-DGVM simulation
20C3M and b from CRU data
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(a)

driven by observed atmospheric boundary conditions, SSTs
and land cover (Afiesimama et al. 2006).
The initial vegetation conditions for RegCM3/CLMDGVM runs are provided by offline CLM-DGVM simulations forced with the 1979–1993 (2079–2093) climatology
derived from the CCSM 20C3M (SRESAIB) output
interpolated to the RegCM3 spatial resolution. Atmospheric CO2 concentration was held constant at 356 ppm
for the present-day vegetation simulation and 720 ppm for
the future vegetation simulation. CLM-DGVM was run
from initially bare ground for 100 years to allow simulated
vegetation to reach a near-equilibrium state with respect to
vegetation coverage and LAI. The dominant vegetation/
land cover types simulated by CLM-DGVM over our
regional model domain included desert, broadleaf evergreen tropical trees, broadleaf deciduous temperate trees,
broadleaf deciduous tropical trees, and C4 grasses. To use
the CLM-DGVM vegetation data in RegCM3, broadleaf
deciduous temperate trees and broadleaf deciduous tropical
trees were mapped onto the BATS deciduous broadleaf tree
class, C4 grasses were mapped to the tall grass category,
and broadleaf evergreen tropical trees were simply mapped
to the BATS evergreen broadleaf tree class.
2.3 Coupling of RegCM3/CLM-DGVM
and experimental design
To allow for vegetation response to climate changes and
vegetation feedback on climate, we employ the asynchronous coupling approach to link RegCM3 and CLMDGVM. The technique has been widely used to study
vegetation-climate interactions (e.g., Claussen 1998; Betts
et al. 2000; Diffenbaugh 2005; Cook and Vizy 2008).
Three experiments, a present day climate and vegetation
run (20C3M), a future climate and vegetation run (A1B),
and a future climate run with vegetation fixed at the present
day state (A1B_20C3MVEG), are performed (Table 1).

(b)
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Table 1 Specifics of experiments performed
Experiment name

Short description

Lateral boundary conditions
and SSTs

Vegetation initialization

CO2
(ppm)

20C3M

1979–1993 coupled RegCM3/
CLM-DGVM run

CCSM 20C3M

Simulated by CLM3-DGVM driven with
CCSM 20C3M 1979–1993 climatology

356

A1B

2079–2093 coupled RegCM3/
CLM-DGVM run

CCSM SRESA1B

Simulated by CLM3-DGVM driven with
CCSM SRESA1B 2079–2093 climatology

720

A1B_20C3MVEG

2079–2093 RegCM3 run with
prescribed static vegetation

CCSM SRESA1B

1986 Vegetation simulated in experiment
20C3M

720

20C3M and A1B are conducted with CLM-DGVM and
RegCM3 in asynchronous coupling mode and
A1B_20C3MVEG with RegCM3 alone. These simulations
are so designed in order to tease out the role of structural
vegetation feedback on simulated climate and hydrological
processes. In experiment 20C3M, RegCM3 is first run for a
year using CCSM3 20C3M boundary conditions and SSTs,
with atmospheric CO2 concentration fixed at 365 ppm and
vegetation distribution (vegetation type and daily LAI)
corresponding to the CCSM present day climatology from
a prior CLM-DGVM integration. The resulting climate
from RegCM3 is used to drive CLM-DGVM for a restart
simulation which is 1 year long. The new vegetation distribution from CLM- DGVM is then used in the second
year of the RegCM3 run. The iteration continues for the
entire 15-year RegCM3 simulation from 1979 to 1993.
Note that the iterations here simulate the transient
dynamics of vegetation, which is different than many other
asynchronously coupled models that predict the equilibrium vegetation during each iteration (e.g., Diffenbaugh
2005; Cook and Vizy 2008). In experiment A1B, initial and
lateral boundary conditions and SSTs are based on CCSM3
SRESA1B output, with CO2 concentration fixed at
720 ppm and initial vegetation distribution corresponding
to the CCSM SRESA1B 2079–2093 climatology from a
prior CLM- DGVM integration. The asynchronously coupled RegCM3/CLM-DGVM is integrated from 2079 to
2093. In this experiment, leaf photosynthesis and stomatal
resistance responds to elevated CO2, and vegetation cover
responds to elevated CO2 and climate changes. In the third
experiment, A1B_20C3MVEG, initial and lateral boundary
conditions and SSTs are based on CCSM3 SRESA1B
output, with CO2 concentration fixed at 720 ppm, and
vegetation distribution is fixed at the 20C3M state. Thus,
atmospheric processes (physics and circulation) and plant
physiological processes (photosynthesis and stomatal
resistance) respond to elevated CO2, but the structure of
vegetation cover is not allowed to respond to elevated CO2
and climate changes in this experiment and as such RegCM3 is run in the stand-alone mode, without coupling with
CLM-DGVM. After the fifth year of the RegCM3/CLMDGVM integration, distribution of vegetation types

approached a stable state (not shown). Vegetation distribution at the end of the eighth simulation year (1986) in
experiment 20C3M is taken as representative of 20C3M
and is used to define the vegetation distribution for
experiment A1B_20C3MVEG, while its daily LAI distribution is based on a 10-year average from 1984 to 1993.
The calculation of LAI by BATS in RegCM3 was disabled
in all the simulations since daily LAI was part of the output
from CLM-DGVM passed to RegCM3.
RegCM/CLM-DGVM realistically simulates twentieth
century vegetation over western Africa when compared to
observed present-day vegetation from the United States
Geological Survey (USGS) global land cover characterization data (Fig. 3). The equator-tropic gradient, which is
a main feature of the observed vegetation in the region, is
well represented in the model, and the location of the
southern boundary of the Sahara desert is satisfactorily
captured. The largest differences between the simulated
and observed vegetation occur in the croplands and forest/
field mosaics (disturbed forest) where human land use has
disturbed the natural vegetation. This is consistent with the
lack of human land use in the model. The model also
underestimates tree cover along the coast south of the
equator.
The differences between A1B_20C3MVEG and 20C3M
reflect the impact of elevated CO2 and associated warming
(i.e., the radiative and physiological effects of elevated
CO2) on the climate and hydrological variables, while
differences between A1B and A1B_20C3MVEG represent
the role of structural vegetation feedback. Differences
between A1B and 20C3M are due to the combination of
CO2 radiative and physiological effects and structural
vegetation feedback. We discard the first 5 years of the
15-year simulations as model spin up, which eliminates the
impact of any initial vegetation shock in CLM-DGVM
caused by the introduction of a new climate from RegCM3.
We present results based on averages over the last 10 years
of the simulations, during 2084–2093 and 1984–1993. We
use two West African regions (Guinean Coast: 4 N–10 N/
18 W–15E; Sahel: 10°N–16°N/18°W–15°E) for area
average calculations in order to provide quantitative estimates in this paper to demonstrate the importance of the
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Fig. 3 a Simulated potential
vegetation distribution for the
twentieth century from the
RegCM3/CLM-DGVM 20C3M
simulation). b Observed present
day vegetation distribution from
USGS GLCC data. The
vegetation/land cover categories
are: 1 desert, 2 grasses, 3
deciduous trees, 4 evergreen
trees, 5 crop/mixed farming, and
6 forest/field mosaic i.e.,
disturbed forest. Note that some
of the USGS land cover
categories are combined to
allow the comparison

(a)

Fig. 4 Simulated changes in
LAI of potential vegetation
(A1B-20C3M) (in m2/m2) a
during June–July–August and b
during December–January–
February

(a)

(b)

Nigeria

Burkina Faso

C African Rep

(b)

Mauritania

Senegal

Mali

Niger
Chad
Sudan

Guinea
Bissau

Guinea
Sierra Leone
Liberia

Benin
Togo

Cote D’Ivoire
Ghana

Cameroon
Gabon

D R Congo

Congo Rep
Angola

impact of vegetation feedback relative to radiative and
physiological CO2 effects.

3 Results
3.1 Changes in vegetation patterns
Widespread increases in vegetation density are simulated
under future elevated atmospheric CO2 and climate change
(Fig. 4), mainly due to CO2 fertilization effect. Generally,
similar spatial pattern of LAI changes are seen in June–
July–August (JJA) and December–January–February (DJF)
although LAI increases in the southern parts of Ghana and
Cote D’Ivoire in JJA but decreases in DJF. Also, a more
pronounced LAI decrease is seen in parts of western Sudan
in JJA, and parts of southern Burkina Faso and southern
Chad have a decrease in JJA and an increase in DJF.
Substantial decreases in LAI are shown in large portions of
Benin, western Cameroon, and southern Nigeria as a result
of increased water stress due to reduced precipitation
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(in JJA) and/or warming (both in JJA and in DJF) in the
future (Figs. 5, 6). There are no discernible changes in LAI
in the currently climax Congo basin rainforests. LAI in
these rainforests is already at its maximum under the
20C3M climate conditions and so the wetter future climate
(Fig. 5) does not lead to an increase in LAI.
While LAI vary considerably from season to season and
from year to year (Fig. 7) as a result of the seasonal and
interannual variability in climate, a 2.4% increase (?0.16)
is simulated in 2084–2093 relative to 1984–1993 over the
Guinean Coast during JJA and a 12.8% decrease (-0.62) in
DJF. In the Sahel, LAI increases by 16% (?0.17) and
48.6% (?0.24) in JJA and DJF, respectively.
The drier conditions under future climate change cause
decreases of up to 40% in fractional coverage of the
evergreen forests in large portions of southern West Africa,
mainly in favor of deciduous trees which gain a competitive advantage over the evergreen trees (Fig. 8). Expansion
of evergreen tree coverage in southeastern Democratic
Republic of Congo and northern Central African Republic
is corroborated by LAI increases in these areas. In 2084–

C. A. Alo, G. Wang: Role of dynamic vegetation in regional climate predictions

Fig. 5 Changes in rainfall (in mm/day) due to the radiative and
physiological effects of CO2 (first column), due to vegetation
structural changes alone (middle column), and due to the combined

Fig. 6 Changes in surface
(2 m) air temperature (in °K)
due to the radiative and
physiological effects of CO2
(left column), and due to
vegetation structural changes
alone (right column) a during
June–July–August and b during
December–January–February

913

impact of radiative and physiological effects of CO2, and vegetation
structural changes (third column) during June–July–August (upper
row) and during December–January–February (lower row)

(a)

(b)
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Fig. 7 LAI time series from
simulations 20C3M and A1B
for a the Guinean Coast and b
the Sahel
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(a)

(b)

2093, evergreen tree coverage over the Guinean Coast
decreases by 49% compared to 1984–1993, while deciduous tree coverage increases by 56%. Grass cover increases
by 31% in the Sahel.
3.2 Changes in climate

Coast and Sahel, respectively, and contributes an additional
3 and 11% warming, respectively, in DJF. There is a
widespread warming impact of structural vegetation changes in DJF partly due to reduced albedo (Fig. 9). The albedo
effect is dominant because drought deciduous trees are in
senescence during the dry season (DJF in West Africa),
which makes the impact of evaporative cooling negligible.

3.2.1 Surface temperature
3.2.2 Rainfall
Elevated CO2 in the future leads to warming everywhere in
western Africa both in the wet (JJA) and dry (DJF) seasons
due to the radiative and physiological effects of the CO2
increase (Fig. 6, left column). Surface air temperature
increases in the future by 2.5 and 3.4°K over the Guinean
Coast and Sahel, respectively, in JJA, and by 2.9 and
2.8°K, respectively, in DJF.
Structural vegetation changes however exert a negative
feedback on temperature over large portions of West Africa
during JJA due to increased evaporative cooling as a consequence of higher LAI. In parts of southern Sudan, Central
African Republic and southern Chad, the effect of vegetation feedback on surface temperature is of a magnitude
([2°K) comparable to that due to the radiative and physiological effects of elevated CO2. Structural vegetation
feedback reduces JJA warming by 6 and 27% in the Guinean
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The radiative and physiological effects of increased
atmospheric CO2 in the future cause a reduction in JJA
rainfall in most of West Africa (Fig. 5, upper row of first
column). The radiative impact of increased CO2 causes
substantial changes in the low-level circulation in the
region (Fig. 10a). During JJA, the southwesterly winds are
weakened, and as a consequence, rainfall in a large portion
of West Africa decreases, as it derives primarily from
moisture transported from the Atlantic Ocean by the
southwesterly winds (Abiodun et al. 2008). These decreases in rainfall are likely also associated in part to a
reduction in moisture from the local source (because of
reduced transpiration due to stomatal closure in a CO2enriched atmosphere), thereby slowing down the hydrological cycle. Decreases of more than 4 mm/day are

C. A. Alo, G. Wang: Role of dynamic vegetation in regional climate predictions

(a)

(b)

(c)
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Table 2 lists the spatial averages of various effects on
different water balance terms. JJA rainfall decreases in
both the Guinean Coast and the Sahel by *5% due to the
radiative and physiological effects of CO2 enrichment. In
DJF, rainfall increases substantially in the Congo basin due
to the radiative and physiological effects of elevated CO2
(Fig. 5, lower row of first column).
Structural vegetation changes, acting through enhanced
evapotranspiration from higher LAI, intensify the hydrological cycle to increase rainfall in large portions of West
Africa and Central African Republic, and southern Sudan
(Fig. 5, upper row of middle column). Negative impact of
structural vegetation feedback on rainfall is seen along the
Guinea Coast (in Guinea Bissau, Sierra Leone, and the
coastal areas of Ghana, Togo, Cote D’Ivoire, Nigeria and
Cameroon). In DJF, structural vegetation feedback causes
substantial changes in rainfall only in portions of the
Congo Basin where LAI changes are also substantial. This
includes part of southern Democratic Republic of Congo,
where a substantial increase is seen (Fig. 5, lower row of
middle column).
The predicted net changes in rainfall (i.e., due to CO2
radiative and physiological effects, and vegetation feedback combined) are depicted in the third column of Fig. 5.
During JJA, decrease of rainfall is predicted for the coastal
areas stretching from Guinea to Gabon while increase is
predicted over large areas elsewhere. Structural vegetation
feedback mediates the radiative and physiological effects
of increased atmospheric CO2 on rainfall, leading to a net
decrease of 2% over the Guinean Coast and a net increase
of 23% over the Sahel. During DJF, rainfall increases
almost everywhere in the Democratic Republic of Congo
and decreases in parts of the Republic of Congo and
southern Gabon.
3.3 Changes in surface water budget
3.3.1 Evapotranspiration

Fig. 8 Changes in fractional coverage of vegetation types (A1B20C3M) as percent of vegetated portion of grid cell

simulated for portions of southern Guinea, southern
Burkina Faso, northern Ghana, southern Nigeria and central Cameroon. Rainfall decreases are also found in
southern Sudan and parts of Gabon. Increases in rainfall are
seen in parts of northern Nigeria, southern Chad, western
Sudan, and northern Democratic Republic of Congo, as
moisture transport to these areas is enhanced with the
increase in westerly winds (Fig. 10a).

The left column of Fig. 11a displays the evapotranspiration
(ET) changes in JJA due to the radiative and physiological
effects of CO2. Decreases in ET are depicted in most of
West Africa, southern Chad and southern Sudan. The
radiative effect of elevated CO2, i.e., changes in atmospheric circulation, and the physiological effect, i.e., stomatal closure, together reduce ET. Over some areas, the
decrease of precipitation as shown in Fig. 5 contributes to
the ET reduction by reducing water availability. Increases
in ET are found in parts of Gabon, western Cameroon,
northern Democratic Republic of the Congo and southern
Central African Republic. Over the Sahel, ET decreases by
24%. The ET sensitivity to structural vegetation changes is
of opposite sign. Increases in LAI lead to ET enhancement
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Fig. 9 Changes in surface
albedo due to vegetation
structural changes a during
June–July–August and b during
December–January–February

(a)

(b)

Fig. 10 Changes in 850-mb
horizontal winds (in m/s) for
June–July–August a due to the
radiative and physiological
effects of CO2, and b due to
vegetation structural changes
alone. Color shading indicates
changes in the magnitude of the
winds

(a)

(b)

Table 2 Percentage changes in different water balance terms in
2084–2093 relative to 1984-2093 due to CO2 radiative and physiological effects (A1B_20C3MVEG-20C3M) (in italics), and due to
vegetation feedback (A1B–A1B_20C3MVEG) (in bold)
Variable

% Change
JJA
Guinean
Coast

DJF
Sahel

Guinean
Coast

Sahel

Rainfall

-5.37

-5.74

?20.57

-68.62

Evapotranspiration

12.93
?1.16

128.70
-23.78

13.65
?2.76

127.03
?3.86

11.08

129.89

13.38

112.66

?15.99 ?103.73

?10.40

Surface Runoff
Soil Moisture
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-14.11
12.96

138.24

251.95

–5.41

-9.83

-27.54

-7.39

-27.56

110.22

146.73

19.06

149.26

in most of the regions where radiative and physiological
effects of CO2 cause ET reduction (Fig. 11a). It is
enhanced by 30% over the Sahel. The vegetation-related
precipitation increase in Fig. 5 also contributes to the ET
enhancement. Changes in ET over the Guinean Coast are
small both in magnitude and spatial extent.
In DJF, however, when the effect of structural vegetation
is not considered (Fig. 12a, left column), ET change is of a
much less spatial extent. Decreases are found only in small
areas in Ghana, Cote D’Ivoire, Nigeria, Cameroon, Central
African Republic and Sudan while increases are shown in
portions of Cameroon, Gabon, Angola and Democratic
Republic of the Congo. The spatial extent of the effect of
vegetation feedback is similarly small (Fig. 12a, right column) as there are very little changes in ET despite the
changes in LAI. The small ET response is due to water
limitation during the dry season in West Africa. During DJF,
structural vegetation feedback increases ET in parts of West
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Fig. 11 Changes in a
evapotranspiration (in mm/day),
b surface runoff (in mm/day), c
soil water depth from RegCM3
(in mm), and d soil water depth
from CLM-DGVM due to the
radiative and physiological
effects of CO2 (left column), and
due to vegetation structural
changes alone (right column)
for June–July–August
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(a)

(b)

(c)

(d)

Africa, southern Sudan, southern Democratic Republic of
the Congo and northern Angola. Decreases in ET due to
structural vegetation changes are simulated in parts of
Cameroon, Gabon, northern Angola, Republic of the Congo
and Central African Republic. There are very little or no
impacts of the two effects (CO2 radiative and physiological
effect, and structural vegetation feedback) on DJF evapotranspiration over both the Guinean Coast and Sahel.
3.3.2 Surface runoff
In the JJA and DJF seasons, the spatial patterns of runoff
changes due to the radiative and physiological effects of

CO2 and those due to vegetation feedback largely reflect
the spatial pattern of corresponding changes in precipitation (Figs. 11b, 12b vs. Fig. 5). This indicates that precipitation is the dominant factor in determining runoff
response, with land surface processes contributing to or
modifying the runoff response. For example, reduced water
demand due to the decrease of fractional coverage of
evergreen trees contributes to the increase of dry season
runoff; increased canopy interception associated with the
increased LAI means less water reaching the ground, thus
reducing runoff. In the Guinean Coast during JJA, a 14%
decrease in surface runoff is due to the radiative and
physiological effects of elevated CO2. Vegetation feedback
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Fig. 12 Changes in a
evapotranspiration (in mm/day),
b surface runoff (in mm/day), c
soil water depth from RegCM3
(in mm), and d soil water depth
from CLM-DGVM due to the
radiative and physiological
effects of CO2 (left column), and
due to vegetation structural
changes alone (right column)
for December–January–
February
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(a)

(b)

(c)

(d)

however increases the JJA surface runoff over the Guinean
Coast by 3%. Surface runoff changes in the Sahel are
small, and in DJF there are no considerable changes both in
the Sahel and in the Guinean Coast.
3.3.3 Soil moisture
The spatial patterns of soil moisture (in surface layer and
root zone) response in JJA and in DJF are strikingly similar
(Figs. 11c, 12c). This is likely due to a weak seasonality
dependency of simulated soil moisture in BATS. In both
JJA and DJF, soil water depth decreases in most of the
region extending from 5°N to about 15°N, although a
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portion of central Chad shows an increase. Soils also get
wetter in both seasons in portions of Gabon and eastern
Central African Republic due to the radiative and physiological effects of CO2. The decreases in soil moisture are
linked to decreased rainfall. Soil moisture decreases by
10% in the Guinean Coast, but increases by 27% in the
Sahel, during JJA. One striking feature of our simulations
is that in DJF, there is no appreciable increase in soil
moisture in the Democratic Republic of Congo despite the
rainfall increase (Fig. 12c vs. Fig. 5). Over this area where
high precipitation rates prevail, the 20C3M soils are nearly
saturated in the DJF season (e.g., root zone (top *1–2 m)
soil moisture averaged over the region 20°E–25°E, 0°–5°S
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is 660 mm). Moreover, the increase in precipitation in the
future is not only in the amount but also in the intensity
(Fig. 13). As a result, the precipitation increase translates
to higher surface runoff (Fig. 12b) rather than an increase
in soil moisture over the Congo.
With structural vegetation feedback, soils get wetter in
both JJA and DJF, and also in much of the area extending
from about 5°N–15°N and in parts of northern Angola,
western Democratic Republic of the Congo, southern
Republic of the Congo, Gabon and southern Cameroon
(Fig. 11c, right column and Fig. 12c, right column). This is
likely related to the precipitation increase caused by the
structural vegetation feedback. The structural vegetation
feedback enhances JJA soil moisture by 47% in the Sahel,
and by 10% in the Guinean Coast. There are very little or
no impacts of the two effects (radiative and physiological
effects of CO2 combined and vegetation feedback) on DJF
soil moisture over both the Guinean Coast and Sahel.
We also compared the soil moisture changes from
RegCM3 (BATS) with those from CLM-DGVM (Fig. 11c
vs. Figs. 11d and Fig. 12c vs. Fig. 12d). Because the root
zone in CLM-DGVM includes the top eight to nine soil
layers depending on vegetation type (Steiner et al. 2009),
we assessed the CLM-DGVM soil moisture changes in the
top eight layers in order to compare with the RegCM3 soil
moisture changes. The CLM soil moisture changes generally reflect the input precipitation changes except for the
Congo for the same reason mentioned earlier. This is to be
expected because CLM-DGVM was not synchronously
coupled to an atmosphere model. While in RegCM3, soil
moisture decreases in the region from about 5°N–15°N
owing to CO2 radiative and physiological effects, the
decrease in CLM-DGVM is generally of a smaller magnitude and extends only from about 5°N–11°N. The difference is even larger for the vegetation-induced soil
moisture changes. The strong increase between 5°N and
15°N, and in the coastal areas from the equator to about
11°S, are not shown in CLM-DGVM. Furthermore,
whereas the RegCM3 soil moisture sensitivity shows little
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seasonal variation, there is moderate seasonality dependency in CLM-DGVM. For instance, the spatial extent of
soil moisture decrease between 5°N and 11°N is much
lesser in DJF than in JJA. These differences in simulated
soil moisture changes between RegCM3 and CLM-DGVM
are likely partly attributable to differences in model soil
hydrological parameterizations.

4 Discussion and conclusions
To address feedbacks between vegetation and climate
changes over western Africa under elevated atmospheric
CO2 concentration in the future, an asynchronously coupled regional climate-vegetation model was employed. The
asynchronously coupled model simulated twentieth century
climate and vegetation reasonably well. Future climate
predictions were then made with and without interactive
vegetation. The results show that vegetation substantially
changes in response to CO2 and climate changes and feeds
back to further impact the regional climate. LAI increases
are widespread although large areas in West Africa,
Cameroon and southern Sudan see decreases. Compared
with the twentieth century simulation, evergreen tree
coverage considerably decreases in 2084–2093, while
deciduous tree coverage increases. Grass cover increases in
the Sahel. JJA rainfall decreases in both the Guinean Coast
and the Sahel due to the radiative and physiological effects
of CO2 enrichment. Structural vegetation feedback however
mediates these effects, leading to a net decrease of rainfall
over the Guinean Coast and a net increase over the Sahel.
When only the radiative and physiological CO2 effects
are considered, surface air temperature increases in the
future over the Guinean Coast and Sahel, both in JJA and in
DJF. Structural vegetation feedback reduces the JJA
warming in the Guinean Coast and Sahel, and contributes
an additional warming in DJF. With the combined CO2
radiative and physiological effects, JJA evapotranspiration
over the Sahel decreases and soil water depth increases;

Fig. 13 Time series of daily
precipitation (mm/day)
averaged over an area in the
Congo basin. Time is in days,
starting from December 1
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Fig. 14 Future changes in
rainfall (2084–2093 minus
1984–1993) (in mm/day) as
predicted by CCSM under the
SRESA1B scenario a for June–
July–August and b for
December–January–February
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(a)

including vegetation feedback effects enhances the JJA
Sahel evapotranspiration and soil moisture. Changes in ET
over the Guinean Coast are small both in magnitude and
spatial extent, as are the changes in surface runoff in the
Sahel. In the Guinean Coast during JJA, decreases in surface runoff and soil water depth are due to the radiative and
physiological effects of elevated CO2. Vegetation feedback
however increases the JJA surface runoff and soil moisture.
There are very little or no impacts of the two effects on
DJF evapotranspiration and soil moisture over both the
Guinean Coast and Sahel, while the impacts on DJF soil
moisture are similar to those in JJA. In summary, over a
large portion of West Africa during the JJA season, the
impact of vegetation feedback on future climate changes is
at a magnitude larger than or similar to that of the CO2
radiative and physiological effects.
In this study, boundary conditions of the regional climate model are provided by CCSM. However, as often the
case in regional climate modeling (e.g., Xue et al. 2007 and
the reviews herein), the predicted rainfall changes by
CCSM (Fig. 14) differ substantially from the RegCM3
predictions (Fig. 5, first column) with no interactive vegetation (as is the case with CCSM). As indicated in Liang
et al. (2008), such differences most likely result from the
more realistic or complete physics representation in RCMs.
In JJA, whereas CCSM predicts a 6% increase in rainfall
over the Guinean Coast and a 9% increase in the Sahel,
RegCM3 predicts a *5% decrease over both areas.
RegCM3 and its driving GCM (CCSM) generally agree
qualitatively on the predicted increase in rainfall over the
southern part of the domain in DJF. Simulations using
lateral boundary conditions from other state of the art
GCMs are desirable in order to test the robustness of the
qualitative findings of this study, and will be pursued in our
future studies.
Another source of uncertainty in this study is the representation of the physiological CO2 effect in our model.
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(b)

By how much and for how long into the future plant
photosynthesis and water-use efficiency will be enhanced
by higher CO2 concentration is still highly debatable. Also,
the lack of consideration of human land use/land cover
changes in this study means that a potentially important
process is missing, given that West African landscapes
have witnessed increases in croplands as well as increasing
rates of deforestation in recent decades (Ramankutty 2004;
Alo and Pontius 2008).
In this paper we explored the role of vegetation feedback in predicting future climate change in western Africa
using an asynchronously coupled regional climate-vegetation model. The results of this study demonstrate that
CO2- and climate-induced changes in vegetation structure
substantially modify hydrological processes and climate,
thus evincing the importance of including vegetation
feedback in future climate predictions. The use of different
land surface models in RegCM3 and CLM-DGVM
represents a potential source of uncertainty in this study.
For instance, accurate soil moisture data is very important
for successful simulation of climate-vegetation feedbacks
(Bonan and Levis 2006), and as noted in the previous
section, the model soil hydrological parameterization likely
played an important role in the difference in simulated soil
moisture changes between RegCM3 and CLM-DGVM.
Future modeling efforts should also explore the role of
vegetation feedback with the regional model and dynamic
vegetation model fully (synchronously) coupled, which
will allow for internal consistency in the representation of
the feedback processes involved (Levis et al. 2004) and
presumably a more reliable assessment of the role of
various mechanisms in regional climate predictions. This
will be one focus of our future research.
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